In bilayer systems consisting of an ultrathin ferromagnetic layer adjacent to a metal with strong spin-orbit coupling, an applied in-plane current induces torques on the magnetization. The torques that arise from spin-orbit coupling are of particular interest. Here, we calculate the current-induced torque in a Pt-Co bilayer to help determine the underlying mechanism using first principles methods. We focus exclusively on the analogue to the Rashba torque, and do not consider the spin Hall effect. The details of the torque depend strongly on the layer thicknesses and the interface structure, providing an explanation for the wide variation in results found by different groups. The torque depends on the magnetization direction in a way similar to that found for a simple Rashba model. Artificially turning off the exchange spin splitting and separately the spin-orbit coupling potential in the Pt shows that the primary source of the "field-like" torque is a proximate spin-orbit effect on the Co layer induced by the strong spin-orbit coupling in the Pt.
I. INTRODUCTION
Spintronics has had significant impact on information technology, the most common example being the read heads in hard disk drives. The field is poised to have even greater impact, led by the development of devices such as spin transfer torque-based magnetic random access memory. A crucial component of this next generation of spintronic applications is the control of magnetic orientation with an electrical current 1,2 (or electric field 3, 4 ). The approach is furthest developed in magnetic tunnel junctions, which utilize spin transfer torque to reversibly switch the magnetization in one of the layers. An alternative approach has been demonstrated in recent experiments on bilayer systems consisting of ultrathin ferromagnetic layers adjacent to heavy metals such as Pt. [5] [6] [7] [8] [9] [10] [11] [12] [13] In these systems, spin-orbit coupling is responsible for current-induced torques. There are indications that the efficiency of these current-induced torques (measured as, for example, the torque per current density) may be larger than the conventional spin transfer torque.
14 For this reason among others, these bilayer and related systems offer a possible route for spintronics to fulfill its full promise in technological applications.
The spin-orbit coupling in these systems leads to multiple effects. For one, there is a spin Hall effect in the Pt layer, so that spin current flows from the Pt into the magnetic layer, with spin orientation perpendicular to the charge current direction and the interface normal. This spin current flux induces magnetization dynamics via the conventional spin transfer torque. A distinct effect originates from the simultaneous presence of magnetization, spin-orbit coupling, and broken inversion symmetry at the interface. These ingredients result in an electronic structure in which current carrying states acquire a spin accumulation transverse to the magnetization, resulting in a torque. 15 Both the spin Hall effect and interfacial spin-orbit torque are proportional to the charge current. An additional consequence of the interfacial spin-orbit coupling is the current-independent Dzyaloshinskii-Moriya (DM) interaction, 16, 17 which has been argued to be important 11, 12, 18 for current-induced domain wall motion.
The vector components of the spin-orbit torques can be decomposed into two vector fields as a function ofM, the magnetization direction:M × ĵ ×ẑ , which we refer to as a field-like torque andM × M × ĵ ×ẑ , which we refer to as a damping-like torque (ĵ is the charge current direction andẑ is the interface normal). 19 These names derive from the similarity of the first form to the torque due to a field alongĵ ×ẑ, and the second to the damping that would result from precession around that field.
Depending on the assumed scattering processes, both the mechanism that combines the spin Hall effect plus spin-transfer torque and the interfacial mechanism can give torques in both directions. [20] [21] [22] [23] However in the clean limit of the relaxation time approximation, Freimuth et al. 24 have shown that the physics behind two torque components separate rather cleanly: The damping torque originates predominantly from the spin Hall effect, and is a consequence of the perturbation of electronic states by the applied electric field, while the field-like torque originates mostly from the spin-orbit coupling at the interface, in conjunction with the perturbation of the electron distribution function by the applied field. In this paper, we focus on the underlying physics behind the interfacial spin-orbit torque, neglecting the spin Hall effect. In the terminology of Ref. 24 , we calculate the odd torque only [Γ(M) = −Γ(−M)], and show that this component yields predominantly "field-like" torques for realistic systems (within the relaxation time approximation).
Which of these mechanisms (field-like or damping-like) is responsible for these current-induced torques is controversial. Measurements of the reversal of magnetic layers are interpreted in terms of a damping-like torque due to the spin Hall effect.
14 Some experiments on currentinduced domain wall motion in these systems are interpreted in terms of a damping-like torque in combination with the DM interaction. 11, 12 Other experiments are interpreted in terms of a combination of field-like and damping-like torques arising from the interface. 5 Experimental measurements of the torque vector show varied results for the magnitude of the field-like and damping torques, depending sensitively on the sample details.
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Calculations
24 show both torques to be present and sensitive to structural details. The spin-orbit coupling affects the magnetization dynamics in multiple ways, and clearly distinguishing the different contributions requires more careful experimental and theoretical efforts. In this work, we calculate the current-induced torques present at the interface between Co and Pt using first principles methods. As discussed in Sec. II, we do not include the contributions from the spin Hall effect. The calculation is therefore analogous to that of the 2DEG Rashba model, but with the full electronic structure of the Co-Pt interface taken into account. With this approach, we explore the sensitivity of the current-induced torques to the system structure, the angular dependence of the currentinduced torques, and attempt to identify the most important physical ingredients of the system which lead to the current-induced torques.
II. METHOD
A quantitative description of any system using density functional theory requires specific knowledge of the atomic structure. In the absence of experimental characterization at this level of detail, we study a variety of structures to reach qualitative conclusions. Our aim with this approach is to extract semi-quantitative estimates of the current-induced torques, and to identify the trends and most important physical mechanisms underlying the current-induced torques.
There is significant mismatch between the lattice constants of bulk Co and Pt (a Co = 0.354 nm, a Pt = 0.392 nm). Studies of Co growth on Pt observe a structure that is generally inhomogeneous and quite sensitive to the Co coverage. 25, 26 For simplicity, we assume a uniform Co layer with the in-plane Pt lattice constant. The distance between interface Co and Pt layers is taken from Ref. 27 , and the distance between Co planes was chosen to match the bulk Co density. Our qualitative conclusions do not depend sensitively on these choices, as we discuss in Sec. III. We present results for 1, 2 and 3 monolayers (ML) of Co on 8 layers of Pt, stacked along the [111] direction. We generally take the Co layer stacking to be fcc. We also study systems with an intermixed interface (see Fig. 1b ). Computational limitations pre- clude the use of a larger super cells; however these smaller unit cells reduce the overall symmetry of the system, removing some artifacts present only for ideal systems.
We use the local spin density approximation, 28 with full non-collinear spin, and the spin-orbit coupling is included using the on-site approximation as described in Ref. 29 . We include 1.1 nm of vacuum along theẑ direction and use a minimal localized atomic orbital basis set (a single s, p, d basis set for each atom) and normconserving pseudopotentials. Adequately converging the ground state energy requires a 2d k-point mesh with mesh spacing dk = 0.18 nm −1 .
Using the ground state potential, we find the eigenstates at the Fermi energy using an approach described in Refs. 30,31. We evaluate the charge current and spin torque 32 from a Boltzmann distribution of the states (within the relaxation time approximation):
where τ is the lifetime, k is the 2-dimensional Bloch wave vector normal to the current direction (so that the resulting integral is 1-dimensional). s is the spin operator, and ∆ is the spin-dependent exchange-correlation potential. The superscript R (L) refers to states with positive (negative) group velocity in thex-direction. The resulting torque per current is independent of scattering time τ . Converging the 1-dimensional transport integrals requires a finer mesh spacing (dk = 0.044 nm −1 ) than needed for the ground state energy. While the torque varies strongly with the magnetization direction, the effective field only varies weakly. We present our results in terms of a scaled effective field
where M s is the computed magnetization density and d is the slab thickness. The result has units of field per bulk current density, a quantity commonly used to report experimental results. Eq. 2 captures some -but not all -contributions to the current-induced torque. In the language of Ref. 24 , we only include the odd torques, and hence neglect any intrinsic spin Hall effect in the Pt layers or at the interface. We also neglect effects from interband scattering on the torques 33 as well as higher order corrections due to momentum scattering that were considered in Refs. 20,21 for a Rashba model. Ref. 24 shows that for Co/Pt, the even torque is dominated by the spin Hall effect and the interfacial contributions are negligible. We also neglect skew scattering that could also give a spin Hall effect. Thus, we only capture the current-induced torque related to the Rashba model and neglect all contributions from the spin Hall effect in the bulk of the Pt. Recent models of this system employing a Boltzmann model show that the Rashba and spin Hall effect torques are largely independent of each other. 34 We use the approach described here to focus on understanding the contribution to the current-induced torque from the spin-orbit coupling near the interface.
Our calculations are complementary to those of Ref. 24 Those calculations compute the torque for the magnetization parallel and antiparallel to the interface normal and consider the even and odd components. These are equivalent to the damping-like and field-like torques. Their calculations include the spin Hall effect in the Pt and so describe the damping-like torque that we neglect. Where the calculations can be compared, we find similar results. The reduced computational demands of our approach enable us to explore a wider range of systems, including different geometries and different magnetization orientations.
III. RESULTS
We first consider the important energy scales in the system: the spin-orbit coupling and the exchange spin splitting. Fig. 2 shows the calculated bulk band structure of bulk Pt with and without spin-orbit coupling. The spin-orbit energy splittings are large at points of high-symmetry: the spin-orbit splitting at k = 0 of the Γ ′ 25 band is on the order of 1 eV. For bulk hcp Co, we find an exchange splitting energy ∆ of about 1 eV. We show below that the exchange splitting in the Co induces exchange splitting (and a small moment) in the Pt and that the spin-orbit coupling in the Pt induces a transverse moment in the Co. Of these proximity effects, the transverse moment on the Co induced by the spin-orbit 11 Au has a lower magnetic susceptibility and a much smaller induced moment. It is found that increasing the Au layer thickness reduces the offset in the current-domain wall velocity curves, which is explained by a reduction in the DM interaction. It's concluded that proximate magnetization plays a central role in one of the important spin-orbit coupling effects at the interface (the DM interaction).
11 On the other hand, our calculations suggest that the transverse spin in the Co induced by the Pt plays a more important role for the field-like torque, as we discuss at the end of this section. Fig. 4a shows the layer-resolved effective field per current for 1, 2, and 3 ML of Co. The largest field (or largest torque) is on the Co atoms, although there is also torque present on the magnetized Pt layer. The effective field per current for various geometries are listed in Table 1 . Experimental values range from a high 5 of 10 −12 T · m 2 /A to slightly above 10,40 10 −14 T · m 2 /A, although the precise value is highly dependent on system details like layer thicknesses: Ref. 41 finds an order of magnitude difference in the current-induced effective field when the magnetic layer thickness changes from 1 nm to 1.2 nm. We also find the magnitude depends sensitively on coverage. Fig. 4b shows the effective field for an alloyed interface. The total magnitude is decreased in all alloyed interfaces we have investigated, relative to the ideal interface. The torques are again predominantly localized on the Co atoms, and they are nearly oppositely oriented for Co atoms in the alloy layer adjacent to the pure Pt. This cancelation is largely responsible for the decrease in the total current-induced torques. Note that our result for the 8-3 ML Pt-Co system is similar to that of Ref. 24 , despite some slight differences in the structures used in the two calculations. The torques are largely unchanged if we use hcp stacking for the Co layers (see Table 1 ). They do change in calculations for larger Co-Pt and Co-Co interplane distance, but the trends with respect to Co coverage and alloying are similar. We highlight the trend that the torques are decreased for imperfect interfaces, and that these decreased values are in semi-quantitative agreement with experiment.
As noted above, our calculations include only the odd contribution to the torque, Γ(M) = −Γ(−M). This contribution is dominated by the field-like torque, although we also find a nonzero damping-like torque for certain orientations of the magnetization. Fig. 5a shows the angular dependence of the current-induced fields responsible for field-like and damping-like torques. The left panels are for an ideal 8-2 ML Co-Pt system, and the right panels are for a disordered interface as shown in Fig. 1b . For the Rashba model in the limit where the exchange potential is much larger than the spin-orbit coupling energy, the equivalent fields are independent of the magnetic orientation. 15 However, when the exchange potential and spin-orbit coupling are similar in magnitude, the angular dependence of the fields found from the Rashba model is similar to that shown here.
42 Based on Fig. 5 , we conclude that the simple Rashba model description of bilayers accounts reasonably well for many properties of the torque (at least for an ideal interface).
We next comment on the damping-like torque calculated in our system. We first note that if a system is isotropic in the x − y plane, the odd torque is entirely field-like. This is because the eigenstate have spin components s x , s z components which are even functions of k x , and s y which is an odd function of k x . 43 Forming a current-carrying distribution in thex-direction leads to a spin accumulation purely in theŷ-direction, yielding a field like torque. The inequivalence of +x and −x directions of our lattice implies that the spins have no such symmetries when the magnetization has aŷ component, so that a spin accumulation of any direction is allowed by symmetry. 44 This in turn leads to both field-like and damping-like torques. For real systems with disordered interfaces, we expect the in-plane direction to be relatively isotropic, so that the odd torque is primarily fieldlike (at least within the relaxation time approximation).
To further illustrate the similarities and differences of the system with simple Rashba model, we plot the states at the Fermi energy in Fig. 6 . Despite the enormous complexity of the electronic structure, there are similar- ities to the Rashba model. This is shown in Figs. 6c-d , which depict the spin structure of states near k=0. The symmetry of the Fermi surface and k-dependence of the spin follows from the system symmetry. 44 The currentinduced torque arises when summing over a current carrying distribution of these states (recall the current to be in thex direction). The sizeable transverse moments of the states, shown in panels (c) and (d) of Fig. 6 , are the result of the interaction of the Co orbitals with the spin-orbit potential localized on the Pt.
Summing over states leads to significant cancellation of the torques. We find that the average absolute value of torque from each state is about 10 to 100 times greater than the integrated total, depending on the specific system. As described in Ref. 45 , this cancellation can be understood qualitatively in a tight-binding model, where different bands have different signs of orbital chirality ± (L × k) ·ẑ. 46 The addition of spin-orbit coupling L · S then (roughly speaking) leads to alignment of the spin in the ± (S × k) ·ẑ direction, resulting in different signs of an effective Rashba parameter for different states. 45 We next attempt to identify the primary source of the torque present at the interface. A current-induced torque from a Rashba-like model requires the simultaneous pres- ence of exchange splitting and spin-orbit coupling. It's not a priori obvious if the induced exchange present in the Pt is more or less important than the induced spinorbit coupling in the Co. We first make a general remark about this distinction.
The magnetic proximity effect is one of the most dramatic examples of the effect of hybridization between neighboring materials' orbitals. However, as discussed in Ref. 45 , there is a similar energy splitting on the Co orbitals due to the interaction with the spin-orbit coupling in the Pt. This effect is not as obvious as the magnetic proximity effect for two reasons: the Co levels with which Pt hybridize are pure spin states, which leads to appreciable spin splitting for all Pt states, and a macroscopic magnetization in the Pt interface layer. On the other hand, the eigenstates of the atomic spin-orbit potential L · S are those of the total angular momentum operator J = L + S. J is not a good quantum number in the symmetry broken crystal field, so the Pt states with which Co hybridize generally do not directly reflect the spin orbit potential. This obscures the effect of the Pt spin-orbit on the levels in the Co. Despite being less "obvious" in this way, the proximate effect of the spin-orbit coupling is quite important, as we show next.
To determine the role of magnetic proximity effect, we remove the exchange splitting on the Pt atoms from the ground state Hamiltonian, and the resulting currentinduced torques are calculated as described in Sec. II. To determine the role of the spin-orbit coupling proximity effect, we remove the spin-orbit potential from the Pt atoms, perform a new ground state calculations, and calculated the current-induced torques. (We find that removing the Pt spin-orbit potential from the initial ground state and calculating the current-induced torques without performing a new ground state calculations yields very similar results.) Fig. 7 shows the results for the ideal interface. The current-induced effective field is nearly unchanged when the Pt magnetization is removed, and greatly diminished when the Pt spin-orbit coupling is removed. We conclude that the spin-orbit in the Pt is the main agent behind the total torque. We additionally repeat this calculation for an alloyed system, with the layer and atom-resolved torques shown in Fig. 8 . A similar scenario holds in this case. (Note however that the magnitude of the total torques are not so different in the alloyed case (see Table  1 ) when we remove the spin-orbit from the Pt; this is due to the significant cancelations that occur when adding the contributions from all the states in the default system.) It's instructive to evaluate the average absolute value of the torque from all states for these different scenarios. We find the torques are nearly unchanged for no magnetization on Pt, while they're about 5 times smaller when the spin-orbit is removed from the Pt. To rationalize this result, we note that the exchange splitting in the Pt is 10 times smaller than in the Co. On the other hand, the transverse spin density is 3x smaller in the Co than in the Pt. These properties of the states indicate that the Pt spin-orbit potential is the primary source of the overall torque.
IV. CONCLUSION
In summary, we performed first principles calculations of the field-like current-induced torque on a series of CoPt bilayers, and from this we conclude that: 1. the torque is very sensitive to system details, such as Co coverage. This is consistent with experimental data, and the general magnitude of the calculated effective fields is similar to the experimental values. 2. The angular dependence of the torque is very similar to that predicted by the simple 2-d Rashba model for an ideal interface, but more complicated for alloyed interfaces. 3. The primary source of the torque is derived from the spin-orbit coupling localized on the Pt interface atoms, which affects the nonequilibrium spin density in the Co interface layer, and drives the current-induced torques. The extent to which the trends revealed by the first principles calcula-tions can be made more revealing in simpler models is a question for future work. In addition, this approach may be used to screen different materials combinations in order to anticipate which materials may show the strongest effect.
